Multi-parameter Experimental Adsorption Effect of 239Pu on Phyllitic Slate and Clay  by Li, Zhe et al.
 Energy Procedia  39 ( 2013 )  159 – 167 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of Institute of Nuclear and New Energy Technology, Tsinghua University
doi: 10.1016/j.egypro.2013.07.202 
ScienceDirect
Asian Nuclear Prospects 2012 
(ANUP2012) 
Multi-parameter Experimental Adsorption Effect of P239P u on 
Phyllitic Slate and Clay 
Zhe LiPbP, Xianguo TuoPa,cPF*F, Yangchun LengPbP, Mingzhe LiuPaP 
P
a
PState Key Laboratory of Geohazard prevention and Geoenvironment Protection, Chengdu University of Technology,Chengdu 
610059, China 
P
b
P rovincial Key Laboratory of Applied Nuclear Techniques in Geosciences, Chengdu University of Technology, Chengdu 610059, 
China 
P
c
PSouthwest University of Science and Technology; Mianyang 621010, China 
Abstract 
The paper studies the adsorption features of P239P u in phyllitic slate and clay media through static experiment method. 
The two different geo-media were collected from a  site for disposing very low level waste (VLLW) as experimental 
samples. Experimental results have shown that an adsorption equilibrium time of P239P u in phyllitic slate and clay is 
approximately 10 days, and the adsorption coefficient (KBdB) B Bvalues of phyllitic slate and clay are about 6000ml/g and 
2700ml/g, respectively. The experimental result of particle size effect indicates when adsorption of plutonium in 
particle samples increases, the KBdB values of these two geo-media increase while the particles decrease in size. And the 
experimental impact on aqueous phase pH value reveals that KBdB of P239P u increases at higher aqueous phase pH value, 
illustrating stronger adsorption capacity. Experimental data are also measured through the curve fitting, KBdB values are 
thus obtained theoretically. 
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1. Introduction 
Studies on the adsorption and migration behavior of radionuclide in natural geological-mass and 
artificial medium is essential  during the process of selecting and constructing radioactive waste disposal 
site. Plutonium, one of the important adsorbing radionuclide in high level radioactive wastes, has 
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motivated scholars to carry out research on its adsorption behaviors. Plutonium is known to exhibit mainly 
five oxidation states, 3+ through 7+, in aqueous solutions. Among all the valence states, Pu( ) is the 
most stable, and heptavalent plutonium ions only exists in alkali solution, and Pu(V) remains stable in 
solutions at pH values range from 2 to 6.  Plutonium ions may exist in the forms of Pu P3+ P, PuP4+ P, [PuOB2B]P+ P, 
[PuOB2 B]P2+ P at different valences. Scholars  from China Institute of Radiation Protection have carried out 
field tests and simulation experiments to study the migration characteristics of P237 PNp, P238P u, P241 PAm and 
P
90
PSr in loess, aquifer, engineering barrier material, cement, metamorphic cement solidified block, cement 
mortar powder-soilP[1-6] P. These experiments enhanced our understanding of migration characteristics of 
radionuclide. However, the migration characteristics of P239 P u has been little reported in the literature, to 
the best of our knowledge. P239P u is an important isotope of plutonium and byproduct of nuclear reactor 
operations and nuclear bomb explosions. It may interact with the underground water and surrounding 
geological materials, and trigger chemical reactions such as oxidation-reduction, disproportionation, 
hydrolysis reaction, precipitation-dissolution, adsorption and desorption etc. These reactions may lead to 
changes of the nuclide forms in the underground water, and thus influence the adsorption and migration of 
plutoniumP[7-12] P. Therefore, it is necessary to further investigate the adsorption dynamics of P239 P u under 
different geological conditions and aqueous environments. 
This paper investigates the adsorption characteristics of nuclide in phyllitic slate and soil (mostly clay) 
gathered from a site for disposing very low level waste (VLLW). In particular, we focus on 1) the 
adsorption equilibrium time of P239P u in the samples; 2) the experimental impact of particle size change on 
adsorption capacity; and 3) the experimental impact  of aqueous phase pH value change on plutonium 
adsorption by analyzing KBdB (adsorption coefficient) values of P239P u under different conditions. T he cTTurve 
fittingT to Texperimental data is carried out andT an analysis of the adsorption characteristics of P239 P u under 
different conditions is conducted. 
2. Theory and experiments 
2.1. Adsorption coefficient 
Adsorption coefficient KBdB (adsorption ratio) is an  "equilibrium" distribution of some nuclides   
between the solid phase and liquid phase. Using the static method, the adsorption coefficient can be 
defined as following: 
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This experiment dopted the static experiment method, which was the so called batch type method. The 
materials were placed in a container, then radioactive carrier was added.  Meanwhile, the same volume of  
radioactive GSCC liquid  was prepared in order to measure the radioactivity A B0 B (minP-1 P) of tracer liquid 
which was not in contact with the materials. After the container was oscillated for a certain period of time, 
the source material underwent centrifugation. Constant temperature was maintained during the whole 
experiment. Through this method, the radioactivity ABt B(min P-1 P) of solution was measured after adsorption in 
liquid phase. Thus, the adsorption ratio (distribution coefficient), adsorption quantity and aqueous nuclide 
concentration at adsorption equilibrium were obtained.  For the purpose of calculations, Eq. 2 is used in 
this paper, which is equivalent to Eq. 1: 
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Where V means the total volume of the liquid phase, mL m corresponds to the mass of the material, g. 
CB0 B is the radioactivity counting rate of each milliliter tracer liquid untouched with material,Bq mLP-1P; CBtB is 
the radioactivity counting rate of each millititer solution after adsorption. These four parameters can be 
obtained by using measurement technique during experiments. 
2.2.  Experimental materials 
(1) Rock samples 
Fresh and un-weathered phyllitic slates were  gathered  and cleaned of mud and sand, and then placed 
into an oven at 105  for 2 hours. After that, they were cooled and crushed for selection of samples with 
different particle sizes. The chemical compositions are shown in  Table 1. 
The primary mineral composition of rock samples is muscovite, taking up 82%, followed by chlorite 
and quartz, accounting for 11% and 7%, respectively. 
Table 1. Chemical composition of experimental rock ( g/g) 
compositions Cu Pb Zn Ti V Co Ni As Cd Cr 
contents 40.6 14.5 117 4344 137 18.2 52.5 1.32 0.097 112 
compositions Hg Sc Zr Mn Al B2 BOB3 B CaO(%) NaB2 BO(%) SiOB2 B(%) MgO(%)  
contents 0.009 20.4 161 280 18.71 0.18 0.29 61.17 1.83  
 
(2) Soil samples 
In this research, the rose method was adopted to collect soil (mostly clay) in the research area. After 
plant roots were removed  from the sample soil, the clay was dried and ground. Finally, samples of 
different particle sizes were obtained for later use. Soil pH value  measured 7.8 by pH meter under the 
conditions of the liquid-solid ratio at 1:1. The main chemical compositions of clay soil are shown in  
Table 2. 
The primary mineral compositions of the soil samples were sodium chlorite and plagioclase, 
accounting for 33% and 31% respectively, followed by kaolinite and quartz,  taking up 11% and 7%, 
respectively. 
Table 2. Chemical composition of experimental soil ( g/g) 
compositions Cu Pb Zn Ti V Co Ni As Cd Cr 
Contents 28.7 34.2 86.3 4657 88.7 15.0 33.2 10.1 0.25 73.1 
compositions Hg Sc Zr Mn Al B2 BOB3 B CaO(%) Na B2 BO(%) SiOB2 B(%) MgO(%)  
Contents 0.062 12.2 289 667 13.85 0.46 0.69 67.55 1.05  
 
(3) Underground water 
Underground water samples were collected from a primary site for very low level waste repository, and 
keeped under low temperature. The mainly chemical composition are listed in table 3. 
Table 3. Groundwater samples chemical composition 
compositions content(mg·LP-1 P) compositions content(mg·LP-1 P) compositions content(mg·LP-1 P) 
CaP2+ P 66.53 Cl P-P 6.03 total acidity  4.50 
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Mg P2+ P 5.59 SO4 P2-P 13.45 total alkalinity 181.20 
KP+ P/NaP+ P 6.67 mineralization  319.10   
COB3 PB2-P/HCOB3 PB-P 220.90 total hardness 189.10   
 
Table 4. Experimental instrument 
Device name Manufacturer 
MiNi 20 series Low Background Alpha, Beta  Gauge Europe Gauge Co., Eurysis, France 
WHY-2 Desktop-water Bath Oscillator Jiangsu Jintan Huanyu Scientific  Instrument Factory 
KS Vertical Multi-purpose  Oscillato Jiangsu Jintan Medical Instrument Factory 
800 series Centrifugal Sedimentation Instrument 
404 Model Infrared Drying Oven 
Shanghai  Operation  Instruments  Factory 
Shanghai Instrument Factory 
 
2.3. Experiment condition 
The experimental apparatus included an alpha particle gauge, oscillator and centrifuge, etc, whose 
information are listed in Table 4. In this experiment, the standard solution concentration of P239 P u was 
600Bq/mL. 
2.4. dsorption equilibrium time 
(1) Measurement of adsorption equilibrium time in rock particles 
At room temperature, 0.5g of the sample phyllitic slate particles (> 120 mesh) was put into a 50mL 
centrifugal tube, Tube A, in which 10mL of underground water was added, and kept untouched  for a 
week. Then,  20.0 l  experimental plutonium standard solution at a concentration of 600Bq/mL was added. 
The tube was then covered and inclined in the oscillator with intermittent vibration for 4 hours every day. 
Meanwhile, Tube B with the same size was prepared and 10mL  underground water was added in. Then 
20.0 l plutonium standard solution was also put in. Tube B was  covered and evenly vibrated for 
reference. 
After finishing the oscillation, both tubes were placed one night. 3mL  solution was taken out and the 
solution underwent centrifugal separation at 4000rpm. Then the supernatant fluid was obtained and 
measured via the  low-background alpha gauge and calculated for KBd Bvalues. When the KBd Bvalues  changed 
within a certain stable range,  adsorption equilibrium time of plutonium in the rock was thus obtained. 
(2) Measurement of adsorption equilibrium time in soil particles 
0.5g of the sample soil particles (> 120 mesh) was put into a 50mL centrifugal tube, Tube A, in which 
10mL of underground water was added. The solution was let to stand for a week. Then, 20.0 l of 
experimental plutonium standard solution at a concentration of 600Bq/mL was added in. The tube was 
covered and inclined in the oscillator with intermittent vibration for 4 hours every day. Meanwhile, tube B 
with the same size was prepared and 10mL  underground water was added in. Then 20.0 l plutonium 
standard solution was also put in. Tube B was covered and evenly vibrated for reference. 
After the oscillation, both tubes were placed quietly for one night. 3mL  solution was taken out and the 
solution underwent centrifugal separation at 4000rpm. Then the supernatant fluid was obtained and 
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measured by the  low-background alpha gauge and calculated for KBd Bvalues. When the KBd Bvalues changed 
within a certain stable range, adsorption equilibrium time of plutonium in the rock was thus obtained. 
2.5. Experimental effect of particle sizes 
(1) Preparation for samples of different particle sizes 
Some rock samples were  collected from the research area and cleaned, then  put into the oven at 105  
and roasted for 2 hours, and crushed after cooling. Finally, they are divided into five groups by mesh 
based on particle sizes: < 20 mesh, 20-60 mesh, 60-120 mesh, 120-200 mesh, >200 mesh.   
Likewise, the soil sample was put into the oven and roasted at 105  for 2 hour. Then it was crushed 
after cooling, eliminated of such  matters as gravel and plant roots.  The soil samples were sorted into 
above-mentioned five groups based on the particle sizes for analysis of radionuclide content in soil 
samples of different particle sizes. The remaining samples were evenly blended and further ground into 
fine powder with agate mortar.  
(2)Measurement of KBdB values of plutonium in different particle sizes  
Under room temperature, 0.5g  slate and soil samples were taken from each of the five groups and  put 
into 10  centrifugal tubes, the volume of each of them is 50mL. Then, 10mL  underground water was 
added into each rock tube and 30mL was added to each clay tube. After staying a week, each tube of rock 
sample was mixed with 20.0 l  experimental plutonium standard solution, and each tube of soil sample 
was mixed with 60.0 l  experimental plutonium standard solution. These tubes were  covered and evenly 
vibrated for  10 days, and then centrifuged, sampled and measured after equilibrated. 
2.6. Experimental effect of aqueous phase pH value change 
In this experiment, 60-120 mesh experimental geological samples were selected to determine the KBd 
Bvalues for plutonium adsorption in aqueous solutions of different pH values, then an analysis of aqueous 
phase pH value change effect on plutonium adsorption was done in the geological samples.  
(1) Preparation for aqueous phase solutions of different pH values  
The aqueous phase solutions at different pH values were prepared by adding 80mL experimental 
underground water into a series of 200mL beakers respectively, with aqueous phase pH values adjusted to 
4, 6, 8, 10, and 12 with pH meter by adding an appropriate amount of HNOB3B or NaOH. 
(2)Measurement of KBdB values of plutonium in aqueous phase solutions at different pH values 
To determine  KBdB values of plutonium  in samples of different pH values, 0.5mg from each of the five 
samples was taken and put into 50mL centrifugal tubes. Then 10mL   aqueous phase solution at different 
pH values was put in each tube of rock sample and 30mL in each tube of soil sample. After staying for a 
week, 20.0 l  plutonium standard solution was added into each tube of rock samples and 60.0 l into each 
tube of soil samples. The tubes were covered and evenly vibrated for  10 days. After well equilibrated, 
samples were taken for centrifugation and drying before measurement. 
3. Results and Analysis 
3.1. Adsorption equilibrium time 
10ml underground water containing plutonium standard solution was added into the slate sample at 
120-200 mesh and into soil sample (120-200 mesh as well). The solutions were allowed for different time 
periods for adsorption. Then KBd Bvalues of the different samples were measured. Thus the relationship 
curves of K BdB values were obtained according to the contact time, as shown in Fig. 1. 
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(a)                                                                                  (b) 
Figure 1.   Relationship curves between adsorption coefficient KBd B and contact time of Plutonium in slate and soil  
As can be seen from Fig. 1, the KBdB values increase gradually with time, and eventually tend to remain 
steady, revealing time effect and adsorption equilibrium. Curve fit approach has been taken here to 
describe the trend. For slate samples polynomial fitting method was chosen to get the equation (Eq.3) 
based on least square method which had a relative good correlation coefficient (r=0.9917). For clay 
samples, piecewise fitting method was chosen to get two linear equations ( Eq.4 and Eq.5) which can 
describe the trends well (see Fig. 1(b)). 
277.57 404.68 14.44d slate slate slateK T T             (3) 
5851.05 11.16
549.2 394.3
0 9 (4)
9 (5)
clay clay
d clay
clay clay
T T
K
T T  
slateT , clayT  are the contact time for slate amples and soil samples, repectively. 
From the curve and fitting results, one can see that after 10 days of vibration, the plutonium adsorption 
in each of the slate and soil samples has reached equilibrium. The adsorption coefficient, KBdB, of plutonium 
is about 2700mL/g and 6000mL/g for slate and soil at 120-200 mesh, respectively. 
3.2. Effect of particle sizes  
The samples were sieved and sorted with standard sieves of different apertures to determine the effect 
of particle sizes on plutonium adsorption coefficient (KBdB value). The aqueous phase was underground water, 
and the KBdB values were obtained after adsorption equilibrium, as shown in Fig. 2.  
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(a)                                                                            (b) 
Figure 2.  Effect of phyllitic slate and clay particle sizes on KBd B values 
Both the two curves showed an exponential trends in some extent, so exponential fitting method based 
on least square method was chosen here. For Figs. 2(a) and (b), fitting equation can be written as Eq. (6) 
and Eq. (7) respectively, and both had a relative good correlation coefficient. 
0.021765.36 18328.46 slateDd slateK e               (6) 
0.072948.43 3.41 clayDd clayK e                         (7) 
Where 
slate
D ,
clay
D  are the particle sizes for slate samples and clay samples, repectively. 
It can be seen that the adsorption coefficient increases as the sample particle size decreases, suggesting 
that the adsorption capacity of plutonium gradually increases as the surface and pore volume increases. 
This implies that (i) particle size has great effect on adsorption capacity; (ii) smaller particle size gives 
better adsorption capacity to plutonium; and (iii) KBdB values tend to a constant when particle size is great 
than 200 m both for slate and clay samples. 
3.3. Effect of aqueous phase pH values  
The slate and soil samples at 60-120 mesh were taken to determine the adsorption coefficients (KBdB) of 
plutonium from the aqueous solutions at different pH values. The KBdB values thus obtained ( see Fig. 3). 
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(a)                                                                                 (b) 
Figure 3.  Effect of aqueous phase pH value change in phyllitic slate and clay on K Bd B values 
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Porabola fitting method was used here to fit  two curves based on least square method. For Figs. 3(a) 
and (b), fitting equation can be written as Eq. (8) and Eq. (9), respectively. 
21441.62 267.54 40.28d slate slate slateK P P                           (8) 
2377.62 262.38 153.52d clay clay clayK P P                             (9) 
Where 
slate
P ,
clay
P  are the pH value added to slate samples and clay samples, repectively. 
In Fig. 3(a), one can observe that the KBdB value of plutonium in slate increases as the pH value of the 
solution increases, indicating a strong effect of  hydrolysis of plutonium on its adsorption capacity. 
Meanwhile, the adsorption coefficient increases as aqueous pH value rises, resulting in the BstrengtheningB of 
adsorption capacity. Similarly, Fig. 3(b) reveals that the adsorption coefficient of plutonium in soil also 
gradually increases as aqueous pH value rises.  
4.  Conclusions 
This paper investigated the adsorption characteristics of P239P u in two media: phyllitic slate and clay. 
The following experiments were carried out: the adsorption equilibrium time of P239P u in the samples, the 
effect of particle size variation and aqueous phase pH change of plutonium on the adsorption in the 
samples. Experimental results have shown: First of all, the adsorption capacity of plutonium in slate and 
clay gradually increases with time, but plutonium adsorption can achieve equilibrium in approximately 10 
days. Secondly, KBd Bvalue of plutonium in clay is larger than that in slate, with the adsorption coefficient (KBdB 
value) of plutonium in soil at about 6000mL/g and with that in slate at 2700mL/g; Thirdly, the particle size 
has great effect on adsorption, e.g., the adsorption gradually increases as the sample particle size decreases, 
and larger surface can promote plutonium adsorption. But the increase of surface does not make for better 
adsorption capacity of plutonium in particle samples. Instead, smaller particle size results in stronger 
adsorption of the sample particles to plutonium. Finally, water pH value has great impact on the adsorption 
ratio, i.e., larger aqueous PH value results in stronger adsorption capacity of plutonium in slate and soil. 
Curve fitting to experimental data has been performed, which provides a better understanding of the 
experimental results. 
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